Theoretical spectroscopic characterization at low temperatures of detectable sulfur-organic compounds: Ethyl mercaptan and dimethyl sulfide J. Chem. Phys. 140, 124302 (2014) The low temperature spectra of the detectable species methyl hydroperoxide (CH 3 OOH) and three sulfur analogs, the two isomers of methanesulfenic acid (CH 3 SOH and CH 3 OSH) and the methyl hydrogen disulfide (CH 3 SSH), are predicted from highly correlated ab initio methods (CCSD(T) and CCSD(T)-F12). Rotational parameters, anharmonic frequencies, torsional energy barriers, torsional energy levels, and their splittings are provided. Our computed parameters should help for the characterization and the identification of these organic compounds in laboratory and in the interstellar medium. C 2015 AIP Publishing LLC.
INTRODUCTION
Methyl hydroperoxide (CH 3 OOH, MeOOH, MHP), the simplest organic peroxide, plays an important role in the atmospheric chemistry because it is a source of HOx radicals through photodissociation. 1 It is considered as the most abundant organic peroxide in the atmosphere, with a maximum concentration approaching or even higher than that of H 2 O 2 . It presents a longer lifetime and a lower solubility in water, compared to H 2 O 2 .
2 Its contribution to the atmospheric oxidizing capacity has motivated previous collisional and spectroscopic studies devoted to the photofragmentation processes and to the measurement and analysis of the infrared spectra in the Nν OH (N = 2,6) regions. [3] [4] [5] [6] The main source of MeOOH in the earth atmosphere is the combination of HO 2 and CH 3 O 2 radicals. 1 It has not been discovered in gas phase extraterrestrial sources and planetary atmospheres but it represents a good candidate to be detected with the new radioastronomical observatories. Numerous arguments make reasonable its search in the interstellar medium. For example, molecules containing rotating methyl groups are abundant in many sources such as star formation regions; the simplest peroxide, H 2 O 2 has been already detected 7 and various observed radicals, HO, 8 HO 2 , 9 and CH 3 O, 10 as well as several abundant observed molecules such as methanol 11 are products of methyl hydroperoxide fragmentation. 1 Given its relevance for astrophysics, various laboratories dealing with rotational spectroscopy have confirmed their interest for MeOOH. This species has not been fully characterized at low temperatures. With the exceptions of the measurement of the rotational spectra, 12 the main available spectroscopic data arise from the analysis the OH stretcha) E-mail: samiradalbouha@gmail.com b) Author to whom correspondence should be addressed. Electronic mail:
senent@iem.cfmac.csic.es c) E-mail: komiha@fsr.ac.ma ing bands in the near infrared and ultraviolet regions. These previous works focus on the study of the photodissociation processes where the OH stretching excitations play important roles. Because other spectral regions such as the far infrared (FIR) have not been explored, all the available data corresponding to the large amplitude vibrational motions have not been directly observed. They have been obtained in the analysis of the spectra of the OH overtones by fitting the two-dimensional effective Hamiltonian parameters using transitions involving combination levels for the OH stretching and the OH-torsional modes. 6 Following these considerations, the aim of the present paper is to use state-of-the-art ab initio calculations to obtain spectroscopic rotational and torsional properties that can help future assignments. Our main goal is the study of the MeOOH spectra at low temperatures along with those of its sulfur analogs (S-analogs). These are the methanesulfenic acid (CH 3 SOH, MeSOH) and its isomer CH 3 OSH (MeOSH) and the methyl hydrogen disulfide (methyl hydrosulfide, CH 3 SSH, MeSSH). We believe that a common study for these fours species can help to understand the effect of the O → S substitutions on the molecular and spectroscopic properties. We take into account that sulfur chemistry plays an important role in the chemical evolution of many extraterrestrial sources. 13 Recent detections of new sulfur molecules showing methyl groups 14 represent significant arguments to justify this research.
Since the search for S-analogs of abundant detected species is a common strategy of astrophysicists, we have accomplished several theoretical studies of organo-sulfur compounds related to relevant interstellar molecules. [15] [16] [17] All of them present non-rigid properties. In parallel of the fruitful observation, 14 we have published our theoretical study on the main isotopic species of ethyl mercaptan and dimethyl sulfide, 15 while the manuscript on the corresponding rare isotopic species has been submitted for publication. 17 Another recent work focuses on the S-analogs of methyl formate. 16 All these species are considered to be detectable although, to the present, only the S-analogs of methanol and ethanol, the methyl mercaptan, and the ethyl mercaptan have been already detected. 14, 18 In this paper, we provide a detailed spectroscopic characterization of MeOOH and S-analogs to help their detection in the interstellar medium (ISM). Properties have been obtained using state-of-the art methodologies suitable for the molecular size. To assess their accuracy, the computed properties were compared with the available experimental data, in particular for MeOOH. Given the lack of previous studies, many of our results, mainly for the sulfur compounds, are predictions that cannot be compared with experimental data. We believe that they can be useful for future spectral analysis. Although the discovery of a new species requires its previous characterization at the laboratory level, available studies for the sulfur compounds MeSOH, MeSOH, and MeSSH are not common, [19] [20] [21] [22] to our knowledge, only for MeSSH, a published study of the rotational spectrum is available. 21 The structural parameters of MeSOH were previously determined comparing microwave spectroscopy data for several isotopic varieties.
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THEORETICAL AND COMPUTATIONAL DETAILS
Equilibrium structures, rotational constants, and harmonic frequencies have been computed using the explicitly correlated coupled-cluster method CCSD(T)-F12b, 23, 24 as implemented in MOLPRO (2010) . 25 The atoms were described by the ccpVTZ-F12 basis set of Peterson et al. 26 The AVTZ/MP2FIT and VTZ/JKFIT basis sets were used for the density fitting integral evaluation of the F12 integrals and for the resolution of the identity expansions, respectively. 27 In this paper, this basis set is denoted by VTZ. Default options of the MOLPRO package have been employed to define parameters such as the pair specific geminal exponents. Triples energy contributions were not scaled in connection with the corresponding resolutions of the identity and density fitting functions. 27 Because the rotational constants are the most relevant molecular properties for radioastronomy, the CCSD(T)-F12 parameters have been improved adding a core-valence correlation correction to obtain reliable equilibrium rotational constants
Here, B e (CV) and B e (V) are calculated correlating both core and valence electrons (CV) or just the valence electrons (V) in the post-SCF process. ∆B e core has been determined with CCSD(T) (coupled-cluster theory with singles and doubles substitutions, augmented by a perturbative treatment of triple excitations) 28 and the cc-pCVTZ basis set. 29, 30 Second order vibrational perturbation theory (VPT2) implemented in the Gaussian 09 package 31 has been applied to establish the anharmonic frequencies, the α i r vibration-rotation interaction parameters, as well as the quartic and sextic centrifugal distortion constants. The anharmonic cubic and quartic force fields have been computed with Möller-Plesset theory (MP2) using the cc-pVTZ correlation-consistent basis set. 32 For the variational determination of the torsional energy levels and their splittings, four two-dimensional potential energy surfaces depending on the torsional degrees of freedom have been computed using CCSD(T) theory and the aug-ccpVTZ basis set. 33 They have been vibrationally corrected at the MP2/aug-cc-pVTZ level of theory. The kinetic parameters of the corresponding two-dimensional Hamiltonians (see below) have been obtained from a set of 26 CCSD/aug-ccpVTZ geometries. For this purpose, all the required ab initio calculations have been performed with the Gaussian 09 package. 31 Our code ENEDIM (2001) 34 has been used for the calculation of all the torsional Hamiltonian parameters, the torsional transitions, and for the assignments of the torsional energy levels.
RESULTS AND DISCUSSION
Equilibrium structures and rotational parameters
The equilibrium geometries of the four species, MeOOH, MeOSH, MeSOH, and MeSSH, have been optimized using explicitly correlated couple cluster theory (CCSD(T)-F12/ccpVTZ). The corresponding energies and structural parameters are shown in Table I . Figure 1 displays the minimum energy geometry of MeOOH and helps the understanding of the definition of the internal coordinates and the two torsional degrees of freedom, θ (methyl torsion) and α (OH or SH torsion). The symbols X1 and Y2 of Table I correspond to oxygen or sulfur atoms.
Unfortunately, there are few experimental data to discuss the present results. For MeOSH and MeSOH, our data have to be considered as accurate predictions. Our experience shows that the very efficient explicitly correlated method provides very realistic results with a relatively low computational cost. Energies and structural parameters obtained with RCCSD(T)-F12/VTZ are always as accurate as those obtained using CCSD(T) theory and very large basis sets (i.e., cc-pV5Z). 37 For MeOOH and MeSSH, the calculated rotational constants for the ground vibrational state, A 0 , B 0 , and C 0 , are compared with the experimental values of Tyblewski et al. 12, 21 For their estimation, we have used the CCSD(T)-F12 equilibrium rotational constants, B e (or A e or C e ), and the formula
The core-electron correlation correction ∆B e core has been computed with CCSD(T)/cc-pCVTZ. The two electrons of 1s internal orbitals of the sulfur atoms have never been correlated. In Eq. (2), ∆B vib represents the vibrational contribution to the rotational constants derived from the VPT2 α i r vibrationrotation interaction parameters determined using the MP2 cubic force field (see below). Values for both corrections are shown in Table II .
The procedure for the estimation of the rotational constants at the vibrational ground state combines different levels of ab initio calculations (CCSD(T)-F12, CCSD(T), and MP2). It represents an efficient way to approach to the experimental values. We avoid the use more expensive computations for the corrections that are relatively small.
The concluding ground vibrational state rotational constants of the four species (see Figure 2 ) are shown in Table I C 0 = 3676.48 MHz, respectively (see Table I ). For MeOOH, our values differ slightly from the previous QCISD(T)/aug-ccpVTZ results of Watts and Francisco 38 (A 0 = 42 289.6 MHz, B 0 = 10 493.9 MHz, and C 0 = 9104.4 MHz). To compare them with the available experimental data, some aspects need to be considered. For example, Tyblewski et al. 12 have fitted the effective Hamiltonian parameters independently for each one of the two OH components (0 0 + ) and (0 0 − ) of the ground vibrational state. These components split by tunneling effect in the OH torsional barrier. The same paper 12 provides a unique set of averaged rotational constants for both components (A e = 43 006.5 MHz, B e = 10 517.5 MHz, and C e = 9053.3 MHz). For MESSH, the parameters of Tyblewski et al. 21 were 
Full-dimensional analysis
In Table II , the RCCSD(T)-F12 harmonic fundamental frequencies are shown. In addition, harmonic and anharmonic frequencies have been calculated with MP2/aug-cc-pVTZ to evaluate the effect of the anharmonicity on the vibrational band center positions. On the basis of our experience, we consider that anharmonic effects are less sensitive to the level of calculation than the harmonic contribution. As has been demonstrated, the accuracy of the RCCSD(T)-F12 harmonic fundamentals is of the same order of magnitude than those determined with RCCSD(T) and a complete basis set. 39, 40 To our knowledge, there are no previous experimental data to be compared with our results with the exception of the OH-stretching fundamental of MeOOH predicted to lie at ν 1 = 3679 cm −1 (ω = 3773 ± 15 cm −1 ; anharmonicity = 94 ± 3 cm −1 ) by Haynes et al. (2005) . 3 The theoretical value of ν 1 = 3610 cm −1 (ω = 3797 cm −1 ; anharmonicity = 187 cm −1 ) is in a very good agreement with the experimental one.
The MP2/aug-cc-pVTZ anharmonic force field has been applied for the computation of the α i r vibration-rotation interaction parameters and the centrifugal distortion constants, which are shown in Table III . These last are parameters of the Watson A-reduced Hamiltonian in the I r representation. The MP2 rotational constants in the ground vibrational state and the first excited torsional states are also provided. Obviously, the MP2 equilibrium rotational constants are less accurate than those determined with CCSD(T)-F12 which are shown in Table I . However, we provide them in the same section than the parameters for the excited vibrational states, to help the comparison of all of them. Since anharmonic effects are less dependent on the level of theory, the MP2 dependence of the rotational constants on the vibrational quanta is believable.
VPT2 is not a suitable theory for the study of the torsional motions of non-rigid molecules since it has been developed for semi-rigid species. For this reason, in this pa- 
Torsional analysis
The ground and exited vibrational states of molecules with internal rotors split into various components as a consequence of the tunneling effects in the potential energy barriers. It has to be considered that some hot astrophysical bodies, such as the hot molecular cores, are sources of many discovered organic molecules. At their temperatures, vibrational species showing large amplitude motions can be found in excited vibrational states. Their complete spectroscopic characterization requires the determination of the low torsional states and their splittings.
The analysis of the far infrared region of the spectra of MeOOH and sulfur derivatives has been achieved assuming the independence of the torsional motions and the remaining vibrational modes. Then, a two-dimensional Hamiltonian can be defined as 35, 36 
where the independent coordinates q i and q j are identified as the CH 3 torsion (θ) and the OH (or SH) torsion (α), respectively (see Figure 1) . For their definition, we have used the following equations:
In Eq. (3), V(q i , q j ) represents the two-dimensional potential energy surface (2D-PES). In this paper, the four required PESs have been computed from the CCSD(T)/aug-cc-pVTZ total electronic energies of 26 selected geometries defined for different values of the independent coordinates (θ = 0
• , and 180 • ). For the planar structures (α = 0
• , 180 • ), E(α, θ) = E(α, −θ). For each structure, 3Na-6-n internal coordinates (Na = number of atoms, n = 2 dihedral angles) were optimized at the CCSD/aug-cc-pVTZ level of theory. Bij and V ′ (q i , q j ) in Eq. (3) represent the kinetic energy parameters and the Podolsky pseudopotential, respectively. 35, 36 The torsional Hamiltonian (Eq. (3)) contains a vibrational correction, V ZPVE (q i , q j ), that can be defined as the torsional dependence of the contribution of the 3Na-6-n neglected modes to the zero point vibrational energy (ZPVE). In this paper, V ZPVE (q i , q j ) has been determined within the harmonic approximation. 15, 16 For each isotopologue and for each geometry, V ZPVE (q i , q j ) is computed using the corresponding MP2/aug-cc-pVTZ harmonic frequencies ω i ,
The sum starts with n + 1 because the contribution of the n independent modes to the ground vibrational state is considered explicitly in the variational calculations. Individual values of the ZPVE correction corresponding to the 26 conformations are fitted to totally symmetric series formally identical to the one used for the potential energy surface. For each one of the 26 structures, all the parameters of the Hamiltonian have been calculated with ENEDIM (2001), 34 also employed for the variational determination of the torsional energy levels and their classification. The main isotopologues of MeOOH and sulfur derivatives can be classified in the G 6 molecular symmetry group, the symmetry group of ethyl-mercaptan and S-methyl thioformate. 15, 16 Then, the effective potential energy surfaces Table IV and represented in Figure 3 . The vibrationally corrected methyl group barrier has been determined to be 1071.31 cm −1 (MeOOH), 685.5 cm −1 (MeOSH), 696.6 cm −1 (MeSOH), and 609 cm −1 (MeSSH). As was expected, it decreases with the enlargement of the C-X1 (X1 = O1,S1) bond distance during the O → S substitution process, which reduces the non-bonding interactions responsible for the barriers. 41 For MeOOH, the theoretical value compares well with the experimental ones of Tyblewski et al. Table IV and represented in Figure 3 . For comparison, the equivalent parameters of the HOOH and HSSH peroxides, which were determined in assignments of the high resolution infrared spectra 42, 43 and previous ab initio calculations, 44 are also shown. This last paper represents a significant full-dimensional analysis performed for a tetra-atomic molecule that, unfortunately, is too expensive to be employed for our species. For MeOOH, the OH trans barrier is very low (158.9 cm −1 ). Thus, its ground vibrational state splits 10.978 cm −1 into the (0 0 + ) and (0 0 − ) components. This splitting is negligible for the sulfur compounds where the barriers are always higher than 1200 cm −1 . Tables V and VI display (MeOSH), 0.03 cm −1 (MeSOH), and 0.7 cm −1 (MeSSH)). Finally, previous assignments of the torsional levels (Matthews et al. 4 ) were performed neglecting interactions among the two torsional models although both are perpendicular vibrations. The kinetic parameter B 12 and the coefficient of several interactions terms of the potential energy surface (cos3θcosα, cos3θcos2α, sin3θsinα, or sin3θsin2α) reflect these resonances. As was expected, given the bond distances, interactions are very small in MeSSH (B 12 = −0.26 cm 
CONCLUSIONS
In this paper, we describe highly correlated ab initio calculations performed to obtain realistic spectroscopic rotational and torsional properties of four species, MeOOH, MeSOH, MeOSH, and MeSSH, and focus to further astronomical detections through the rotational spectra. Given the lack of molecular data for the three sulfur compounds, these calculations represent a first full characterization at low temperatures and provide parameters relevant for the interpretation of observed spectra. Because we use very accurate methods (CCSD(T)-F12 for the rotational parameters and CCSD(T) for the potential energy surfaces), some of the calculated data, i.e., the torsional splittings (basic property for the interpretation of the rotational spectra), as well as the shift of the molecular properties with the O → S substitution are really realistic parameters. Considering these shifts together with the available experimental data of MeOOH, for which experiments exit, many parameters can be estimated with considerable precision.
We provide parameters (barriers for the two torsional modes, kinetic energy parameters (B 1 , B 2 , and B 12 ), etc.) necessary for the definition of the effective Hamiltonian used in rotational spectroscopy. The VPT2 test of resonances reveals that Fermi interactions between the torsional motions and the remaining vibrational modes are not expected. A unique low energy level of MEOOH (v = 1,v ′ = 1) is very slightly displaced by the fundamental COO bending mode.
The torsional fundamental levels provided in Table V could be populated at low temperatures and need to be considered for the interpretation of the spectra. For all the 074304-9 Dalbouha, Senent, and Komiha J. Chem. Phys. 142, 074304 (2015) species, the A/E splitting of the ground state is very small (<0.002 cm −1 ). For the fundamental levels, (1 0 
